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Objective

To determine the influence of route of nutrition on gut muco-
sal addressin cellular adhesion molecule-1 (MAdCAM-1) ex-
pression and the effect of MAJCAM-1 blockade on gut-asso-
ciated lymphoid tissue (GALT) lymphocyte populations and
established respiratory antibacterial immunity.

Summary Background Data

Lymphocytes, sensitized to antigens in Peyer’s patches, mi-
grate via mesenteric lymph nodes and home to intestinal lam-
ina propria. MAACAM-1 located on endothelial cells regulates
this trafficking. Experimentally, parenteral nutrition (PN) de-
creases GALT cell mass and mucosal immunity when com-
pared with enteral feeding.

Methods

In experiment 1, MAJCAM-1 expression was quantified in 32
mice after 4 days of feeding chow, a complex diet, intragas-
tric (IG)-PN, or PN. In experiment 2, MAJCAM-1 was mea-
sured in 102 mice O, 4, 8, 12, 24, 48, or 72 hours after start-
ing PN and at 0, 4, 8, 12, 24, or 48 hours after reinstituting
chow following 5 days of PN. In experiment 3, 56 mice re-
ceived chow, PN, chow + MECA-367 (anti-MAJCAM-1

mADb), or chow + Isotype control Ab (IsoAb) for 5 days, fol-
lowed by Peyer’s patches, lamina propria, and intraepithelial
lymphocyte yield with respiratory and intestinal IgA levels. In
experiment 4, 10 days after Pseudomonas immunization,
mice received chow + MECA-367 or chow + IsoAb for 4
days followed by 1.2 X 108 Pseudomonas intratracheally.

Results

Diet and route affect MAJCAM-1 expression (chow > com-
plex diet > 1G-PN > PN). Decreased MAdCAM-1 expression
occurred within hours of starting PN in Peyer’s patches, but
not mesenteric lymph nodes or the intestine, and recovered
quickly with enteral refeeding. MAdCAM-1 blockade reduced
all GALT populations. Blockade had little effect on IgA levels
and partially impaired the late response of established respira-
tory immunity.

Conclusions

Enteral feeding affects MAACAM-1 expression. Complete
MAdCAM-1 blockade reduces GALT lymphocytes to PN lev-
els, but the chow feeding stimulus preserves IgA and early
antibacterial resistance, implying the existence of non-
MAJCAM-1 mechanisms to preserve mucosal immunity.

Enteral feeding reduces the incidence of pneumonia idefense$ Mucosal surfaces throughout the body are in
critically injured patients, implicating a defect in mucosalconstant contact with environmental antigens and are in a
position to sample antigens for the immune system. One of
the largest complexes of mucosal immune cells is in the
§ut-associated lymphoid tissue (GALT). Specialized anti-
gen sampling M cells overlying the Peyer’s patches (PP)
and associated fixed dendritic cells within PP process anti-
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tract. In these sites, the sensitized B and T cells protect
against potential pathogens by producing a specific 1gA
against their antigens.*~°®

Several adhesion molecules, including mucosal addressin
cellular adhesion molecule-l (MAdCAM-1), L-selectin,
a4B7 integrin, lymphocyte function-associated antigen-1
(LFA-1), and intercellular adhesion molecule-1 (ICAM-1),
regulate trafficking of lymphocytes within the mucosal im-
mune system.” MAdCAM-1 is considered the key molecule
for this direction and is expressed on the surface of endo-
thelial cells within the high endothelial venules of PP,
mesenteric lymph nodes, and venules of the lamina pro-
pria® MAJCAM-1 has also been observed on splenic sinu-
soidal cells and within the nasal-associated lymphoid tis-
sue®® Experimentaly, lack of enteral stimulation
decreases GALT cell mass, reduces intestinal and respira-
tory tract IgA levels, and impairs established mucosal im-
munity to specific pathogens.™ ™ Because of these diffuse
mucosal immune changes, we hypothesized that lack of
enteral feeding decreased MAJCAM-1 expression in the
GALT and other mucosal areas, leading to the reduction
of lymphocyte number and impairment in mucosal immu-
nity. These experiment quantify the effects of the route
and type of nutrition on the magnitude and/or kinetics of
MAdCAM-1 expression and the response of GALT cell
populations to MAdCAM-1 blockade and examines the
effect of MAdCAM-1 blockade on established immunity to
Pseudomonas aeruginosa.

METHODS
Animals

All experimental protocols were approved by the Animal
Care and Use Committee of the University of Tennessee,
the University of Wisconsin-Madison, and the Middleton
Veterans Administration Hospital, Madison. Mae ICR
(Institute of Cancer Research) mice were purchased from
Harlan (Indianapolis, IN) and housed in an American As-
sociation for Accreditation of Laboratory Anima Care-
accredited conventional facility. The environment was
controlled with regard to temperature and humidity, with a
12-hour light:dark cycle. Mice were fed ad libitum chow
(RMH3200 Agway, Syracuse, NY) and water for 2 weeks
before entry into this study protocol. During feeding proto-
cols, mice were housed in metal metabolism cageswith wire
grid floors to eliminate coprophagia.

Experiment 1: Effects of Route and Type
of Nutrition on Total MAdCAM-1
Expression in Tissues

Thirty-two mice (6—8 weeks old) were randomized be-
fore cannulation to receive chow (n = 7), parenteral nutri-
tion (PN; n = 8), intragastric (IG)-PN (n = 8), or acomplex
enteral diet (CED) (n = 9). Mice randomized to the chow
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and PN groups received internal jugular catheters and mice
randomized to IG-PN and CED received a gastrostomy tube
under anesthesia as previously detailed.**** The technique
does not induce physical or biochemical stress.*

Catheterized mice were immediately connected to infu-
sion pumps (Instech Laboratories, Plymouth Meeting, PA)
and received 0.9% saline at 4 mL/d for 48 hours with ad
libitum access to chow and water. On postoperative day 2,
mice received their respective feeds. Chow-fed animals
received 4 mL of 0.9% saline 1V along with ad libitum chow
and water throughout the study. The PN and IG-PN animals
initially received 4 mL/d PN and were advanced to a goal
rate of 10 mL/d by the third day of feeding. The PN solution
contained 4.1% amino acids, 34.3% glucose (4878 kJ/L),
electrolytes, and multivitamins with a nonprotein calorie to
nitrogen ratio of 743 kJ/g nitrogen to meet the calculated
nutritional requirements and provide 2,146 kJkg/d of non-
protein calories and 18.0 g protein/kg/d at goal rate. The
CED mice received 6 mL/d of Isocal (Mead Johnson Co.,
Evansville, IN) with anincreaseinrateto agoal of 13 mL/d.
Isocal contains 13.3% carbohydrate, 4.5% fat, and 3.4%
protein (4,441 KJL) in addition to electrolytes and vita-
mins. The nonprotein calorie/nitrogen ratio of the CED was
709 kJqg nitrogen. Thus, administered diets were almost
isocaloric and isonitrogenous except for the chow mice.

After receiving their respective diets for 5 days, mice
were killed for quantification of MAdCAM-1 expression in
PP, mesenteric lymph nodes, small intestine, nasal-associ-
ated lymphoid tissue, nasal passages, bronchus, lung, and
liver.

The binding mAb (MECA-367 rat 1gG2,,., the antimouse
MAdCAM-1 mADb, PharMingen Inc., San Diego, CA) and
the nonbinding mAb (R35-95, rat 19G2,,. isotypic Ab,
PharMingen Inc) were radiolabeled with **°| and 3!, re-
spectively, using the iodogen method as previously de-
scribed in detail . >’

A mixture of 10 ug *°I-labeled MECA-367 was given
with an appropriate amount of *!|-labeled nonbinding Ab
(400,000—600,000 cpm) through the jugular vein catheter
(total volume, 200 ulL). **I-labeled MECA-367 was in-
jected to evaluate MAdCAM-1 expression on the endothe-
lia cells, while **!I-labeled nonbinding mAb was given to
eliminate the influence of nonspecific binding of MECA-
367 to endothelial cells.

The mice were anesthetized with ketamine and
acepromazine maleate and the radioisotopes administered
after carotid cannulation as previously described in de-
tail.***” Animals were exsanguinated while perfused with
bicarbonate-buffered saline through the jugular vein and
carotid artery catheter after severing the inferior vena cava
at the thoracic level as previously described.*®*” The tissues
were harvested for measurement of radioactivity.

The Cobra Automated Gamma Counting System (Pack-
ard Instrument, Meriden, CT) was used to count *2°I (bind-
ing mAb) and **!I (nonbinding mAb) activities in each
organ and in a 50-uL plasma sample as previously de-
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scribed. > The amount of radioactivity remaining in the
tube and syringe used to mix and inject the mAbs was
subtracted from the total calculated activity administered.
Adhesion molecule expression was determined by subtract-
ing the accumulated activity of the nonbinding mAb from
that of the binding mAb, and expressed as ng of mAb tissue
in the equation:

Adhesion molecule expression (ng mAb/tissue) = (
cpm of tissue/*®°l cpm injected-"3* | cpm of tissue/**H cpm
injected) X (**° cpm/50 uL of serum/*I cpm injected)/
(31 cpm/50 L of serum/*Y cpm injected) X tota in-
jected binding mAb (ng)

125|

Experiment 2

Male mice (n = 65) were fed PN for O, 4, 8, 12, 24, 48,
or 72 hours, beginning 48 hours after venous cannulation.
Subsequently, 37 animals who had received PN for 4 days
were refed with chow diet and sacrificed at 0, 4, 8, 12, 24,
and 48 hours after beginning refeeding. At each time point,
MAdCAM-1 expression in PP was quantified using the
techniques described in experiment 1.

Experiment 3: Effects of MAdACAM-1
Blockade on GALT Cell Yield

Pilot experiments performed to determine the amount of
radiolabeled MAdCAM-1 necessary for saturation of cell
binding sites revealed that a dose of 10 g per mouse was
adequate. Since the half-life of 1gG2.kappa monoclonal
antibody is about 24 hours, we gave aloading dose of 20 g
anti-MAdCAM-1 antibody, followed by 10 ug per day.
Fifty-six male mice (6—8 weeks old) were randomized to
receive chow (n = 16), PN (n = 13), chow + MECA-367
(n = 15) or chow + isotypic antibody (n = 12). Their
respective diets were started 2 days after jugular cannulation
and isotypic Ab or saturating doses of MECA-367 were
administered daily on days 3 to 6 of the experiment. All
groups (except PN) had free access to water and chow
throughout the study.

After 6 days of feeding (2 days of chow during the
postsurgical recovery and 4 days of experimental infusion),
the animals were weighed and anesthetized with a ketamine
and acepromazine mixture. The thoracic and abdominal
cavities were opened aseptically, and the animals were
exsanguinated by cardiac puncture. The small intestine was
removed from the duodenum to the terminal ileum and
flushed with 10 mL calcium- and magnesium-free Hank’s
balanced salt solution (HBSS) (Bio Whittaker, Walkers-
ville, MD) to remove intestinal contents. The contents were
collected and stored at —80°C for later analysis of mucosal
IgA levels by ELISA (technique described later).

PP lymphocytes were isolated after excision from the
serosal side of the intestine, as described in detail by Li et
a.™ The cell number was determined with a hemocytome-
ter, and the viability of lymphocytes was determined by
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trypan blue exclusion. The number of PP retrieved from
each animal was recorded.

Intraepithelial and lamina propria lymphocytes were iso-
lated following the protocol as described in detail by Li et
a.** The number and viability of lymphocytes were deter-
mined by trypan blue exclusion.

The trachea was opened aseptically and clamped at the
thoracic inlet with a vascular clip. Five hundred microliters
cold HBSS was injected dowly into the tracheal lumen
cephalic to the obstruction. The washing fluids draining
from the nostrils were collected in microcentrifuge tubes
and stored at —80°C for future analysis of IgA. Another 500
L of cold HBSS was injected slowly through the tracheal
lumen toward the alveoli. The alveolar washing fluids were
collected and stored at —80°C for future analysis of IgA.

IgA was measured in intestinal, nasal, and alveolar wash-
ing fluids with a sandwich enzyme-linked immunosorbent
assay (ELISA) using a polyclonal goat antimouse IgA (Sig-
ma) to coat the plate, a purified mouse IgA (Sigma) as
standard, and a horseradish peroxidase-conjugated goat an-
timouse IgA (Sigma).

Experiment 4: Effects of MAdCAM-1
Blockade on Respiratory Immunity

Eleven days before cannulation, 25 mice were immu-
nized intranasally with P. aeruginosa antigen-containing
liposomes as described below, and 19 mice received control
liposomes containing no antigen. Two days after venous
cannulation, immunized mice were randomized to the
MECA-367 (n = 12) or 1soAb control group (n = 13).
Beginning on postoperative day 2, each group was injected
intravenously with 20 wg initially and then 10 ug daily of
respective mAb. After 4 days, mice were anesthetized and
challenged with 40 uL PBS containing 1.2 X 108 live
bacteriaintratracheally. Mice received ad libitum chow and
water. Deaths were observed at 24, 48, and 72 hours.

Bacterial polysaccharide-containing liposomes were pre-
pared by the detergent dialysis technique described by
Abraham®® and as described in our prior work.***3 Poly-
saccharide incorporation ranged from 30% to 70%. Calcu-
lation of immunization dose was based on the origind lipid
concentration (15 mg), because this produced consistent
immunity. Each mouse was immunized intranasally with
liposomes containing 160 ug lipid and 30 to 70 wg poly-
saccharide, or with liposomes (160 wg lipid) aone, as
previously described.*®*® Calculation of the liposome dose
for immunization was based on the amount of lipid present.

P. aeruginosa was plated on trypticase soy agar with 5%
sheep red blood cells 48 hours before the animals were
inoculated and the plated P. aeruginosa was serially diluted
and suspended to Aggs,,m, Of 0.670 = 0.010 after 24 hours, as
previously described.*>3
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Table 1. MICE BODY WEIGHT AND
WEIGHT CHANGE
Body Weight
Before Body Weight
Group n Feeding (g) Change (g)
Experiment 1
Chow 7 30.64 = 1.38 -1.13 = 1.00
CED 9 31.34 = 2.68 —-3.63 = 1.72*
IG-PN 8 30.80 = 3.30 —4.51 = 2.40*
PN 8 30.21 = 1.26 —4.96 = 1.56*
Experiment 3
Chow 16 29.78 = 3.44 —1.08 = 1.66
Chow + soAb 12 28.96 = 2.05 —1.40 = 1.51
Chow + MECA-367 15 29.59 = 2.91 —1.09 = 1.89
PN 13 29.90 = 2.50 —4.96 = 1.59t

Values are means * SD.
*P < .01 vs. chow.
1 P < .001 vs. chow, chow + MECA-367, and chow + IsoAb.

Statistics

Data are expressed asmeans = SD and were anadyzed using
andlysis of variance, followed by the Fisher protected least
significant difference post hoc test or Student t test. The Fisher
exact probability test was used for survival rate comparisons at
24, 48, and 72 hours after bacteria inoculation. Kaplan-Meier
curves were used to analyze survival times.

RESULTS
Experiment 1

The pre-experiment body weights of al groups were similar
(Table 1). CED, IG-PN, and PN mice lost more weight than
chow mice, but there were no differences between these three
groups. Chow-fed mice typicaly have 1.5 g of residual feces,
while the Gl tracts of 1G-PN and 1\VV-PN mice are empty. CED
results in less than 0.5 g of feces.
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Total expression of MAJCAM-1 in PP was significantly
lower in the PN group than in all enteral groups, with a
significant decrease in the CED and IG-PN groups com-
pared with chow mice (Fig. 1). There were no significant
differences in MAdCAM-1 expression in the other GALT
sites (i.e, small intestine or mesenteric lymph nodes)
among the four diet groups.

In extraintestinal sites, CED mice showed significantly
higher MAdCAM-1 expression in the nasal-associated lym-
phoid tissue compared with 1G-PN and PN groups (Table
2). Chow tended to maintain MAdCAM-1 levels in the
nasal-associated |lymphoid tissue when compared to PN
(P = .09), with no difference compared to CED. No sig-
nificant differences were observed in the nasal passages,
bronchus, lung, or liver among the four groups.

Experiment 2

PP MAdCAM-1 expression dropped shortly after insti-
tuting PN, reaching statistical significance at 24 hoursin this
sample size and a nadir by 48 hours. Reinstitution of chow
feeding lead to arapid recovery of PP MAJCAM-1 expres-
sion, which reached normal levels and statistical signifi-
cance 12 hours after refeeding (Fig. 2).

Experiment 3

The pre-experiment weight of al groups were similar
(see Table 1). PN mice lost more weight than all chow
groups (P < .001), but there were no differences between
the three chow-fed groups.

Total lymphocyte yield in PP, lamina propria, and intra-
epithelial sites were significantly lower in PN and chow +
MECA-367 groups than in chow or chow + 1soAb groups
(P < .05)(Fig. 3). There were no significant differences in
cell numbers between MECA-367 and PN animals. IgA
levels in nasal and intestinal wash fluids were significantly
lower in PN animals than in chow groups (Table 3). There

MAdCAM-1 Expression

Peyer's Patch Small Intestine

40 - 250 7

| j::h {

1 100

MAdCAM-1 (ng/tissue)
N «w
=3 S

=
=]
1

50

0
CHOW CED IG-PN PN CHOW CED IG-PN PN

Figure 1. Total expression of
MAdCAM-1 (measured as nano-
grams of monoclonal antibody in
25 - whole tissues) in the Peyer’'s
patches, small intestine, and mes-
enteric lymph nodes. Mice fed
chow, complex enteral diet (CED),
intragastric parenteral nutrition (1G-
PN), and intravenous PN (PN) re-
ceived respective diets for 4 days.

Mesenteric Lymph Nodes

10 *P < .03 vs. CED and IG-PN, 1P <
.05vs. IG-PN, P < .0005 vs. chow
51 and CED.

0
CHOW CED IG-PN PN

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



MAJCAM-1 and Nutrition 681

Vol. 237 « No. 5

Table 2. TOTAL MAdCAM-1 EXPRESSION IN TISSUES

CHOW CED IG-PN PN
NALT 0.068 =+ 0.068t 0.087 = 0.065* 0.024 + 0.034 0.021 * 0.025
Nasal passages 0.048 = 0.090 0.048 + 0.085 0.049 = 0.114 0+0
Bronchus 0.043 = 0.115 0.033 = 0.039 0.080 = 0.120 0.036 = 0.102
Lung 0.991 * 0.781 0.818 = 0.709 1.508 = 1.117 0.605 * 0.678
Liver 2.417 = 2.457 3.577 = 4,952 2.527 = 3.527 2.009 = 3.429

NALT, nasal-associated lymphoid tissue.
Values are mean = SD ng mAb/tissue.

* P < .02 vs. IG-PN and PN.

TP < .09 vs. PN.

were no significant differences in the number of PP re-
trieved between groups (chow, 10.4 + 2.1; chow + MECA-
367,9.5 = 1.8; chow + IsoAb, 11.6 = 1.8; PN, 10.6 = 2.9).

Experiment 4

Immunized animals in both the chow + MECA-367
group and the chow + IsoAb group had significantly lower
mortality than unimmunized animals at 24 hours (Table 4).
However, at 48 and 72 hours, mortality increased in the
MECA-367 group to alevel midway between the unimmu-
nized animals and those receiving 1soAb. At both 48 and 72
hours, animals receiving IsoAb sustained a significantly
lower mortality than unimmunized mice. When survival
times were analyzed using Kaplan-Meier survival curves,
survival times were significantly different between the un-
immunized animals and the chow + MECA-367 group and the
chow + IsoAb group. There were no differences in survival
time between the MECA-367 and the IsoAb groups.

DISCUSSION

Enteral feeding of trauma patients decreases the incidence of
pneumonia compared with starvation or PN.*~ Our prior work

showing an impaired mucosal immune system with areduction
in secretory IgA at mucosal sites provides a cogent hypothesis
for this phenomenon.*~®*3 The current work demongtrates
that lack of enteral feeding rapidly reduces expression of the
primary adhesion molecule, MAdCAM-1, responsible for di-
recting cells into the PP, resulting in lymphocyte depletion,
which recovers quickly with entera feeding. The cause and
effect is confirmed by reducing GALT cell populations to the
level of PN-fed mice by administering MECA-367, an anti-
body that blocks dl MAdCAM-1. This blockade reduces
GALT cdl populations, but IgA levels in the respiratory and
Gl tract are preserved with chow feeding. However, the effec-
tiveness of respiratory defenses established against Pseudomo-
nas, although probably weskened, is not reduced to the same
degree as parenteral feeding, which completely destroys im-
munity.®® These data continue to define an intriguing link
between the gut and respiratory immunity discovered in our
earlier work.

A specific subset of naive lymphocytes destined to join
the mucosal immune system is defined by a distinct adhe-
sion molecule profile, L-selectin and «4B7 integrin, ex-
pressed on their cell surfaces.*®? The high endothelial
venules of PP, the main inductive site of the GALT, express
the ligand for these molecules, a MAdCAM-1 modified

MAdCAM-1 Expression with Parenteral
Feeding and Chow Recovery

Figure 2. MAJCAM kinetics.
MAJCAM-1 expression in Peyer’s
patches dropped after starting PN
from baseline and reached signifi-
cance at 48 and 72 hours. Chow
refeeding of animals fed PN for 5
days lead to rapid increases in
MAdCAM-1  expression, which
reached significance by 12 hours.
*P<.05vs.0,4,and 8hours, TP <
.02 vs. 0 hours.
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dightly by the addition of a carbohydrate molecule. Modi-
fied MAdCAM-1 interacts principaly with L-selectin to
attract the naive lymphocytesinto the PP for sensitization to
processed antigen.?® The adhesion molecule profile on lym-
phocytes changes after sensitization, with a decrease in
L-selectin expression and an increase in a4p7 expression.?!
The altered profile more strongly interacts with the unmod-
ified form of MAJCAM-1 expressed by endothelia cells of
theintestinal lamina propria venules. The unmodified MAd-
CAM-1 has less affinity for L-selectin but greater affinity
for «4B7, which excludes naive lymphocytes® MAd-
CAM-1 expressed within sites such as the nasal passages,
mammary glands, and genitourinary system allows for shar-
ing of immunologic protection generated within the gut
according to the common mucosal immune hypothesis.
GALT cell populations drop and reach a nadir within 3 to
4 days with PN when no enteral stimulation is provided.
This system cannot be studied by starvation in the mouse,
since rapid malnutrition results in death within 72 hours.
Use of PN prevents the progressive malnutrition that itself
impairsimmunity and allows isolated study of the effects of
enteral stimulation on mucosal immunity. Animals fed par-
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Intra-Epithelial

2 Figure 3. GALT lymphocyte yield
after MAdCAM-1 blockade. MECA-
367 blockade of MAACAM-1 signif-
icantly reduced Peyer’s patch, lam-
ina propria, and intraepithelial
lymphocytes to PN levels. “P < .02
H vs. chow and IsoAb.

1.5

0.5

enterally rapidly lose mucosal immune competence as in-
testinal and respiratory I1gA levels drop in association with
rapid decreases (over 72 hours) of PP and lamina propria
lymphocyte populations.?? In the intestinal lamina propria,
these changes reduce the Th2-type IgA-promoting cyto-
kines, IL-4 and 1L-10.%® Functionally, established respira-
tory immunity to viral and bacterial pathogens is lost as
antigen-specific IgA levels drop.***2 IgA normally prevents
attachment of pathogens to mucosal surfaces; without at-
tachment, the pathogens cannot infect the host.?*

Since the MECA-367 antibody recognizes and binds to
both the modified and unmodified MAdCAM-1 mole-
cule,®2° the dual radiolabeled antibody technique quantified
expression of MAACAM-1 at key sites of the mucosal
immune system. This technique detects quantitatively small
changes in expression of adhesion molecules better than
immunohistochemistry and provides an advantage over
MRNA quantification, since message is not aways trans-
lated into functional expression of proteins.*®?>2" Since
the size of the PPs decrease, PPs were marked, in pilot
experiments, with a suture before diet manipulation to be
sure that all PPs were harvested and to eliminate the chow

Table 3. IgA LEVELS IN MUCOSAL SITES
Nasal IgA Alveolar IgA Intestinal IgA
Group n (ng/mL) (ng/mL) (r9)
Chow 16 121.8 £ 122.4 76.1 = 46.5 149.9 = 78.1
Iso-Ab 12 108.7 £ 77.2 72.3 = 30.2 153.5 £ 59.9
MECA-367 15 173.8 £ 91.7 83.2 £ 34.7 1779 £87.4
PN 13 52.4 £ 41.0" 66.9 £ 57.0 77.6 £ 39.61

Data are mean *+ SD.
* P < .05 vs. chow and MECA-367.
1 P < .01 vs. chow, IsoAb, and MECA-367.
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Table 4. MORTALITY FOLLOWING
PSEUDOMONAS CHALLENGE

Group n 24 hours 48 hours 72 hours
Unimmunized 19 47.3% 73.6% 73.6%
MECA-367 12 0%* 33.3% 41.6%
Control antibody 13 0%* 15.3%" 23.1%*

* P < .01 vs. unimmunized.

of spuriously low radioactivity and an undercalculation of
MAdCAM-1 expression dueto low PP retrieval. MAJCAM-1
expression was significantly higher in the chow-fed mice com-
pared with the PN mice with respect to both total expression
and on a per-PP basis (data not shown). In subsequent exper-
iments PP number were counted to ensure there were no
differences in the number of PPs harvested between groups.

In the four diet studies, chow feeding resulted in the
highest MAdCAM-1 expression, followed by CED, 1G-PN,
and finaly PN. As MAdCAM-1 expression decreases, we
speculate that fewer naive cells enter the PP, which leads to
reduced lymphocyte cell numbers. In our kinetic study, lack
of enteral feeding resulted in fairly rapid decreases in
MAdCAM-1 expression (which reached significance at 24
hours in the sample size) that rapidly recovered within 12
hours with enteral refeeding.?® MAdCAM-1 control of lym-
phocyte entry into PP was definitively established with the
use of MECA-367 in saturating doses to block this ligand,
which produced decreases in all lymphocyte numbers sim-
ilar to PN-fed mice in PPs as well as in distant lamina
propriaand intraepithelial sites. Chow feeding with MECA-
367 significantly reduced lymphocyte cell yield compared
with animals administered control antibody injections
within 4 days, proving the importance of MAdCAM-1 on
lymphocyte populations in GALT in vivo.

Why lack of enteral feeding decreases MAACAM-1 ex-
pression within PP and not other “downstream” GALT sites
is not clear. A modified form of MAdCAM-1 is expressed
only in the PP, and aterations in the PP environment (such
as the cytokine milieu) with PN feeding may result in
altered gene expression and a lack of transport of the mod-
ified molecule to the cell surface.?®?* The unmodified form
in peripheral sites may not be so affected. Although we have
not measured cytokine changes in isolated PP, parenteral
feeding results in a reduction of IL-4 levels within small
intestinal homogenates.?® IL-4 increases the affinity of lym-
phocytes to high endothelial venules of PP in in vitro
models.® Interestingly, MAdCAM-1 expression after PN
was depressed in nasal-associated lymphoid tissue, while
CED and chow maintained higher levels. This is consistent
with our ELISPOT work, which demonstrated a impaired
cellular proliferation of IgA- and IgM-producing cells in
nasal tissues of PN-fed mice compared to CED and chow
mice in response to acute infection with the APR/8 influ-
enza virus.*
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To examine the functional effects of the MAJCAM-1
molecule changes, we tested the effects of thisin our model
of established antibacteria respiratory immunity. This im-
munization technique with P. aeruginosa provides a spe-
cific immune response, results in established immunity
within 10 days, and reduces mortality to subsequent intra-
tracheal administration of live Pseudomonas from 80% to
100% in unimmunized mice to 10% to 20% in immunized
mice.™>*® We previously showed that 5 days of parenteral
feeding destroys this immunity and increases mortality to
the level of unimmunized controls.™ Animals given
MECA-367 blockade or nonspecific antibody for 4 days
sustained no mortality at 24 hours, a significant improve-
ment relative to the unimmunized mice. However, MECA-
367 produced a progressive increase in mortality at 48 and
72 hours so that there was nearly a doubling of the mortality
in this group compared with control antibody-treated mice.
Mortality with blockade was still better than unimmunized
animals, suggesting a partia loss of established immunity
against the bacteria rather than the complete loss that occurs
with PN. To reach statistical significance between these
experimental groups would have required approximately 40
animals per group; therefore, we chose not to perform more
experiments. However, we concluded that athough anti-
MAdCAM-1 therapy impaired immunity in immunized
chow-fed mice, it did not impair it to the extent of animals
receiving no enteral stimulation over a 4-day period of
blockade.

There are several reasons why blockade may not have
completely eliminated immunity against chalenge. First,
animals given the blocking antibody continued to receive
chow and generated an enteral response to digest the food.
Neuropeptides, such as gastrin-releasing peptide, gastrin,
and cholecystokinin, are released in response to entera
feeding and are known to support mucosal immunity. 333
Administration of the gastrin-releasing peptide analog
bombesin completely eliminates the impairment in anti-
pseudomonal and antiviral defects in immunity induced by
parenteral feeding.>*3> MECA-367 should exert little if any
effect on this neuropeptide release, which could keep cells
upregulated and stimulated within the lamina propria, per-
haps by maintaining a normal cytokine milieu. Recently we
demonstrated that bombesin protection did not work by
upregulating MAdCAM-1 expression.*® Second, lack of
enteral feeding is known to impair transport of IgA from the
basal surface of epithelia cells to the luminal surface.®”
Chow-fed mice might keep this transport system intact so
that even if less IgA were produced in the lamina propria, a
more effective transport could tip the balance in favor of
improved mucosal defenses. Third, another adhesion mole-
cule, periphera node adressin (PNAd), is expressed on
endothelia cells within the inductive and effector sites in
the murine nasal-associated lymphoid tissue.*® While alter-
ationsin MAdCAM-1 expression or MAdCAM-1 blockade
may decrease the number of lymphocytes committed for
IgA production in the intestinal mucosa, there may be no
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effect on PNAd expression within the nasal-associated lym-
phoid tissue, potentially preserving IgA responses within
the respiratory tract.’® Finally, chow feeding might produce
increased levels of IL-4 or IL-10—two important 1gA-
stimulating cytokines—in peripheral tissues to compensate
for the GALT cell reduction induced by MECA-367. Each
of these potential mechanisms warrants further investigation.
This work offers novel evidence partially explaining the
effect of enteral feeding or lack of enteral stimulation on
GALT during PN feeding. Rapid alterations of MAdCAM-1
expression within the main site of GALT entry with no
enteral stimulation decrease the number of naive lympho-
cytes entering the mucosal immune system. While func-
tional effects of MAdCAM-1 blockade within the respira-
tory system are muted in chow-fed mice compared with
animals receiving no enteral stimulation, there was still a
dramatic effect on GALT cell numbersin our in vivo model.
The limited functional respiratory defect raises interesting
guestions of the role of IgA transport, cytokine production,
and expression of other adhesion molecules in the mucosal
immune system associated with lack of enteral stimulation.
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Discussion

DR. R. NEaL GaARRISON (Louisville, KY): The elegant and complex work
just presented by Dr. Kudsk provides an important piece to the puzzle of
our understanding of gut immunity. Thisisimportant because it isincreas-
ingly clear that the intestinal immunologic function is pivota in the
sequence of systemic inflammatory response that follows surgery in trau-
matic injury.

As Dr. Kudsk has shown, the GALT tissue and the expression of
MAdCAM-1 closely coincide with enteral feeding. However, MAdCAM-1
blockade does not eliminate mucosal immunity, and protection against an
infectious challenge is preserved in spite of that blockade.

| was intrigued in reading the discussion of this paper to learn that
MAdCAM-1 expression is heaviest on microvascular venular endothelial
cells in Peyer’s patches and the lamina propria. In thinking about blood
vessels and food, two of my favorite topics, | remembered what all our
mothers knew long ago: We couldn't swim after lunch because all our
blood ran to our stomachs, and we would suffer from belly cramps.

These two thoughts led to my one question: Could the explanation for
these findings, that the root of feeding rather than the composition of the
feeds, be simply a matter of augmented blood flow to the intestinal tract
and the subsequent associated GALT tissue in response to exposure of
nutrients to the gut mucosa?

DRr. Davib N. HernDON (Galveston, TX): | too would like to congrat-
ulate Dr. Kudsk for his fascinating and amazingly technically challenging
studies that build very well on his seminal work in this area in the past. |
too am perplexed by the paradox of this study, and | would like Dr. Kudsk
to speculate a bit more on the mechanism whereby nasal and alveolar IgA
is still elevated in chow-fed animals, mice, in which anti-MAdCAM
monoclonal antibodies successfully decreased intestinal lymphocyte traf-
ficking, just the opposite of what we would have expected. Why do these
animals survive the Pseudomonas challenge longer than unimmunized
mice? Decreased numbers of lymphocytes to recognize stimuli and pro-
duce signalsisthe opposite of what would be expected to create this effect.

Second, does this also mean that the effect of TPN decreasing respiratory
immunity is independent of its effect on decreasing gut-associated lym-
phoid tissue, as previously hypothesized? Is it perhaps more a physical
effect, an effect on neuropeptides released by the Gl tract or an effect on
cytokine levels?

The immunization of Pseudomonas in this study is done intranasally.
Are independent lymphoid tracking mechanisms present in nasal-associ-
ated lymphoid tissue than those associated with gut lymphoid tissue; can
you simply indicate a different trafficking mechanism in nasal-associated
lymphoid tissue?

DR. GEORGE M. WATKINS (Tampa, FL): | think it was an excellent paper.
I would like the authors, if the authors did it, to tell us in their various
regimes what the bacteriological counts were when they counted the
lymphoids, the liver, the lungs, and the spleen again. Just as a comment:
athough we never published it, just presented it at one of the local
American College meetings at a residents competition, we looked at
colchicine once, and bacterial translocation, and we felt that the colchicine
would probably block some of the translocation because col chicine reduces
the vascularization transport across cells.

We found that actually very significant increases—and we did not know
why and we didn’t do the experiment anymore—the colchicine increased
markedly the bacterial countsin all these placesthat | mentioned. And | am
wondering if the use of colchicine—I won’t be doing it anymore since | am
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long retired, but if you should look at one of these groups maybe thinking
about colchicine and see if it doesn’t have a different effect than we
thought it had.

DRr. TiMoTHY L. PrRUETT (Charlottesville, VA): What you described is
basically a starvation model for change and MAdCAM-1. Is there any
information available with animal models? We usually see people who are
stressed, either burn or infectious modelsin terms of that. And second, your
feeding has been with enteral nutrition. Can you at all speculate on therole
of the immunostimulatory fatty acids as a potential way in which the
augmentation of gut immunity occurs?

DRr. KENNETH A. Kubsk (Madison, WI): | would like to thank all of the
discussants for their insightful comments.

Dr. Garrison asked about blood flow. Certainly blood flow is an impor-
tant issue in this since it carries the cells throughout the body. After eating
a meal, there is a tremendous increase in blood flow and lymphocyte
delivery to thelamina propria. Whether this affectsinitial education of cells
and delivery to Peyer’s patches, | don’'t know. | don’t believe that it would
al be due to blood flow, since if we give parenterally fed animals either
bombesin or glutamine, which are not known to increase blood flow to the
gut tremendously, we see an upregulation of immunity in the gut-associ-
ated lymphoid tissue.

Dr. Herndon asked about the mechanisms to preserve defenses and why
they might be. Last week | got some data and was surprised to find that
animals given MECA-367 had very high IL-4 levels. Compared to chow-
fed animals or those with isotypic antibody, IL-4 levels were almost twice
as high as the chow-fed animals and amost four times as high as the
animals fed parenterally.

Two things affect IgA production: the number of cells and the presence
of thisIL-4 and IL-10. | didn’t include these datain the manuscript because
we are still doing the samples for IL-10. But clearly there is a cytokine
change. This really reinforces a new body of literature coming out in the
basic sciences which suggest a communication between the mucosa and the
underlying GALT cells which keep them vigilant. Maybe they do this by
affecting cytokines in the GALT, or by releasing cytokines themselves
since the mucosa is known to be a cytokine producer.

Dr. Watkins mentioned the bacteriologic cultures. We don’t get mesen-
teric lymph nodes for cultures. | believe bacterial translocation is an
epiphenomenon which reflects a breakdown in gut-associated lymphoid
tissue. It has been well documented that parenteral feeding causes an
overgrowth of aerobic bacteria and an increase in bacterial translocation.
But no one has ever been able to relate those findings to clinical outcome.
The colchicine is an interesting concept. Perhaps we could talk afterwards,
because | didn't understand its effects. If it impairs neutrophils, then |
would be inclined to believe that it would hurt animals in our model,
particularly in stress.

Dr. Pruett commented that this is a starvation model of Peyer’s patches.
That is absolutely true. We are not studying some bad effect of TPN, as
some people interpret our data. If we starve these animals and don't
provide parenteral feeding, they die within 3 days from starvation. Paren-
teral feeding allows the study of this mucosal immune system, which is
50% of our total immunity, and how, by taking food viathe gastrointestinal
tract, it keeps this system upregulated.

Stress does play arole, but not in the way you think. At this point | do
have some stress data but it is not a downregulation, at least in the short
term. Stress produces an upregulation in IgA production. But | don’'t want
to talk about that anymore at this point since it is preliminary.

Finally, | have done nothing with fatty acids, but | think it is an
interesting field. | have a Ph.D. joining me in January who is a specialist
in that area, so | may be able to share insights in another year.
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